Astrocytes, the most abundant glial cell type in the brain, provide metabolic and trophic support to neurons and modulate synaptic activity. In response to a brain injury, astrocytes proliferate and become hypertrophic with an increased expression of intermediate filament proteins. This process is collectively referred to as reactive astrocytosis. Lipocalin 2 (lcn2) is a member of the lipocalin family that binds to small hydrophobic molecules. We propose that lcn2 is an autocrine mediator of reactive astrocytosis based on the multiple roles of lcn2 in the regulation of cell death, morphology, and migration of astrocytes. lcn2 expression and secretion increased after inflammatory stimulation in cultured astrocytes. Forced expression of lcn2 or treatment with LCN2 protein increased the sensitivity of astrocytes to cytotoxic stimuli. Iron and BIM (Bcl-2-interacting mediator of cell death) proteins were involved in the cytotoxic sensitization process. LCN2 protein induced upregulation of glial fibrillary acidic protein (GFAP), cell migration, and morphological changes similar to characteristic phenotypic changes termed reactive astrocytosis. The lcn2-induced phenotypic changes of astrocytes occurred through a Rho-ROCK (Rho kinase)-GFAP pathway, which was positively regulated by nitric oxide and cGMP. In zebrafishes, forced expression of rat lcn2 gene increased the number and thickness of cellular processes in GFAP-expressing radial glia cells, suggesting that lcn2 expression in glia cells plays an important role in vivo. Our results suggest that lcn2 acts in an autocrine manner to induce cell death sensitization and morphological changes in astrocytes under inflammatory conditions and that these phenotypic changes may be the basis of reactive astrocytosis in vivo.
Introduction
Astrocytes are the most abundant glial cell type in the brain (Aschner, 1998; Barres and Barde, 2000) . Astrocytes provide metabolic and trophic support to neurons and modulate synaptic activity. They are also the main responders to CNS aggravations under various pathological conditions such as injury, ischemia, infection, and neurodegeneration (Farina et al., 2007) . In response to all types of CNS insults, astrocytes become reactive and undergo a process termed reactive astrocytosis (Pekny and Nilsson, 2005; Sofroniew, 2005; Correa-Cerro and Mandell, 2007) . In this process, astrocytes proliferate to fill gaps and undergo a typical morphological change: a large cytoplasmic mass, long and branched processes, and increased expression of intermediate filaments such as glial fibrillary acidic protein (GFAP). Although the basic process of reactive astrocytosis is evolutionarily conserved and accompanies all forms of neural injuries, the precise molecular mechanisms underlying the reactive astrocytosis processes are presently far from clear.
Recent evidence indicated that inflammatory cells in the CNS may undergo apoptosis on activation in a manner similar to activation-induced cell death of lymphocytes (Mabuchi et al., 2000 ; P. Liu et al., 2001; Suk et al., 2001; Falsig et al., 2004; Suk, 2005) . Microglia as well as astrocytes have been shown to undergo apoptosis on a strong inflammatory activation (Hu and Van Eldik, 1996; Ferrari et al., 1997; Kingham and Pocock, 2000 ; J. Suk et al., 2002; Takuma et al., 2004) . It has been proposed that apoptosis of glia cells after massive proliferation may be a means of population control (Jones et al., 1997) . However, little is known about the molecular mechanisms underlying the autoregulatory apoptosis of glia and the termination of neuroinflammation.
Lipocalin 2 (lcn2) is a member of the lipocalin family, which binds or transports lipid and other hydrophobic molecules (Flower et al., 2000; Kjeldsen et al., 2000) . lcn2 is also known as 24p3 and neutrophil gelatinase-associated lipocalin (NGAL) (Borregaard and Cowland, 2006) . In vitro studies have shown that lcn2 is important for both cellular apoptosis and survival (Devireddy et al., 2001 (Devireddy et al., , 2005 Yousefi and Simon, 2002; Tong et al., 2003 Tong et al., , 2005 Nelson et al., 2008) . It also plays an important role in the induction of cellular differentiation in kidney during embryogenesis (Yang et al., 2002) and protects the kidney from ischemic injury (Mishra et al., 2004; Mori et al., 2005) . lcn2 has been proposed as the real-time indicator of active kidney damage (Mori and Nakao, 2007) . lcn2-deficient mice exhibited an increased susceptibility to Escherichia coli infection because of the failure of iron sequestration, indicating a critical role of lcn2 in the protection against bacterial infection (Flo et al., 2004) . lcn2 may function as an acute-phase protein (Liu and NilsenHamilton, 1995) and an adipokine involved in insulin resistance (Yan et al., 2007) . Recently, two cellular receptors for lcn2 have been identified, megalin (Hvidberg et al., 2005 ) and brain type organic cation transporter (Devireddy et al., 2005) . However, the precise role of lcn2 in the cell survival and death has yet to be determined.
In the present study, we investigated the role of lcn2 in both functional and structural changes of reactive astrocytes. Our results indicated that lcn2 is critical for cell death sensitization, stimulation of cell migration, and morphological changes of reactive astrocytes. Additional studies showed that iron metabolism and Bcl-2-interacting mediator of cell death (BIM) protein are involved in the lcn2-induced cytotoxic sensitization and that Rho-Rho kinase (ROCK) pathway with a positive amplification via nitric oxide/cGMP is involved in the lcn2-mediated morphological changes of reactive astrocytes. Last, the expression of lcn2 in glia cells and the role of lcn2 in the phenotypic changes similar to reactive astrocytosis were confirmed in vivo using a zebrafish model.
Materials and Methods

Reagents and cells
The following chemicals were obtained from Sigma-Aldrich: lipopolysaccharide (LPS) from E. coli 0111:B4 prepared by phenolic extraction and gel filtration chromatography, sodium nitroprusside dihydrate (SNP), S-nitroso-N-acetylpenicillamine (SNAP), phorbol 12-myristate 13-acetate (PMA), paraquat dichloride, ganglioside mixture, H 2 O 2 , N Gmonomethyl-L-arginine (NMMA), forskolin, dibutyryl cyclic GMP (dbcGMP), deferoxamine mesylate, ferric citrate, and polymyxin B. A ROCK inhibitor ( R) -(ϩ)-trans-N-(4-pyridyl)-4-(1-aminoethyl) cyclohexanecarboxamide (Y27632) was purchased from Calbiochem. Recombinant human tumor necrosis factor ␣ (TNF-␣) and mouse interferon-␥ (IFN-␥) proteins were purchased from R&D Systems. Ironsaturated enterochelin (0.7 kDa) was purchased from EMC Microcollections. All other chemicals, unless stated otherwise, were obtained from Sigma-Aldrich. C6 rat glioma cells were maintained in DMEM supplemented with 5% heat-inactivated fetal bovine serum (FBS) (Invitrogen), gentamicin (50 g/ml). Astrocyte cultures were prepared from the brains of 0-to 3-d-old ICR mice (Samtako) by the method of McCarthy and de Vellis (1980) . Briefly, whole brains were dissociated in DMEM, supplemented with 10% FBS, 100 U/ml penicillin, and 100 g/ml streptomycin (Invitrogen). Cells were seeded at 75 cm 2 tissue culture flasks coated with poly-D-lysine (Falcon; BD Biosciences Discovery Labware). Cells were grown at 37°C in a 5% CO 2 humidified atmosphere. The culture medium was changed after 5 d in vitro and then every 3 d. Secondary pure cultures of astrocytes were obtained by shaking mixed glial cultures at 250 rpm overnight, and then culture medium was discarded. Astrocytes were dissociated using trypsin-EDTA (Invitrogen) and then collected by means of centrifugation at 1000 rpm for 10 min. The cells were resuspended in DMEM with 10% FBS, 100 U/ml penicillin, and 100 g/ml streptomycin, seeded at 1 ϫ 10 5 cells/ml onto six-well plates coated with poly-D-lysine, and cultured for 4 d. The purity of astrocyte cultures was Ͼ96% as determined by GFAP immunocytochemical staining. Animals used in the current research had been acquired and cared for in accordance with the guidelines published in the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Assessment of cytotoxicity by MTT assay
Cells (5 ϫ 10 4 cells in 200 l/well) were seeded in 96-well plates and treated with various stimuli for the specific time periods. After treatment, the medium was removed and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) (0.5 mg/ml) was added, followed by incubation at 37°C for 2 h in a CO 2 incubator. After insoluble crystals were completely dissolved in DMSO, absorbance at 570 nm was measured by using a microplate reader (Anthos Labtec Instruments).
Nitrite quantification
Cells were treated with stimuli in 96-well plates, and then NO 2 Ϫ in culture supernatants was measured to assess NO production levels. Fifty microliters of sample aliquots were mixed with 50 l of Griess reagent (1% sulfanilamide/0.1% naphthylethylene diamine dihydrochloride/2% phosphoric acid) in 96-well plates and incubated at 25°C for 10 min. The absorbance at 540 nm was measured with a microplate reader (Anthos Labtec Instruments). NaNO 2 was used as the standard to calculate NO 2 Ϫ concentrations.
Morphological analysis of astrocytes by immunofluorescence
Immunofluorescence analysis was performed as described previously (Seo et al., 2008) . In brief, astrocytes (1 ϫ 10 5 cells/well in 24-well plates) were cultured on sterile coverslips in 24-well plates, and then fixed with 4% paraformaldehyde for 30 min and twice rinsed with PBS. Samples were blocked with 1% BSA in PBS-Tween 20 for 10 min and incubated in PBS containing 3% BSA and a mouse anti-GFAP antibody (1:30 dilution) (Biogenex) or 0.12 g/ml TRITC (tetramethylrhodamine isothiocyanate)-conjugated phalloidin (actin cytoskeleton and focal adhesion staining kit; Millipore Bioscience Research Reagents). After two washes in PBS-Tween 20, wells were incubated with 2.5 g/ml Hoechst 33342 fluorochrome (Invitrogen) or 0.1 g/ml DAPI (4Ј,6Ј-diamidino-2-phenylindole) (Millipore Bioscience Research Reagents), followed by incubation with anti-mouse IgG-fluorescein isothiocyanate (FITC)-conjugated secondary antibody (BD Biosciences). The samples were mounted and observed by means of fluorescence microscopy (Olympus BX50) or confocal microscopy (Zeiss LSM 510). Microscopic images were processed by using a MetaMorph Imaging System (Molecular Devices). Astrocyte processes were quantified as previously described, but with a slight modification (Wilhelmsson et al., 2004; Borán and García, 2007) . The average process length was based on the longest process for each cell from a minimum of five randomly chosen microscopic fields containing at least 100 cells.
Flow cytometric analysis of apoptosis and cell cycle
Astrocytes (1 ϫ 10 5 cells/well in 24-well plates) were detached with trypsin-EDTA, and washed twice with cold PBS. The cells were then resuspended in 250 l of binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl 2 , pH 7.4) and incubated with 3 l of FITC-conjugated annexin V (Invitrogen) according to the manufacturer's specifications. Afterward, cells were gently vortexed and incubated for 15 min at room temperature in darkness. Propidium iodide (PI) (20 g/ml) was then added, and flow cytometry was performed within 1 h using FACSAria (BD Biosciences). For the purpose of analyzing cell cycle distribution, cells were suspended in PBS/5 mM EDTA, and fixed by adding 100% ethanol dropwise. RNase A (40 g/ml) was added to the resuspended cells, and then incubation was conducted at room temperature for 30 min. Propidium iodide (100 g/ml) was added and incubated for 30 min. The percentage of cells in each phase of the cell cycle was determined by means of flow cytometry by using a FACSCalibur (BD Biosciences).
Reverse transcription-PCR
Total RNA was extracted from either C6 cells or primary astrocyte cultures in six-well plates by using TRIzol reagent (Invitrogen), according to the manufacturer's protocol. Reverse transcription was performed by using Superscript (Invitrogen) and oligo-dT primer. PCR amplification, using specific primer sets, was performed at a 60°C annealing temperature for 25 cycles as previously described (Kim et al., 2004) . Nucleotide sequences of the primers were based on published cDNA sequences (Table 1). The PCR was performed by using a DNA Engine Tetrad Peltier Thermal Cycler (MJ Research). For the analysis of PCR products, 10 l of each PCR was electrophoresed on 1% agarose gel and detected under UV light. ␤-Actin was used as an internal control.
Western blot analysis
Cells in six-well plates were lysed in triple-detergent lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.02% sodium azide, 0.1% SDS, 1% NP-40, 0.5% sodium deoxycholate, 1 mM phenylmethylsulfonyl fluoride). Protein concentration in cell lysates was determined by using a Bio-Rad protein assay kit (Bio-Rad). An equal amount of protein from each sample was separated by 12% SDS-PAGE and transferred to Hybond ECL nitrocellulose membranes (GE Healthcare). The membranes were blocked with 5% skim milk and sequentially incubated with primary antibodies [goat polyclonal anti-mouse LCN2 antibody (R&D Systems); rabbit polyclonal anti-mouse LCN2/NGAL antibody (Santa Cruz Biotechnology); rat monoclonal anti-BIM antibody (Calbiochem); mouse monoclonal anti-GFAP antibody (Biogenex); monoclonal anti-␣-tubulin clone B-5-1-2 mouse ascites fluid (Sigma-Aldrich)] and HRPconjugated secondary antibodies (anti-goat, anti-rabbit, anti-rat, and anti-mouse IgG; GE Healthcare), followed by ECL detection (GE Healthcare). Two kinds of anti-LCN2 antibody were used in this study: goat polyclonal antibody (R&D Systems) was used for the detection of LCN2 protein in mouse astrocytes, and rabbit polyclonal antibody (Santa Cruz Biotechnology) was used for the detection of LCN2 protein in C6 rat glioma cells and zebrafish. For the purpose of the detection of secreted LCN2 protein in astrocyte cultures, Western blot analysis of culture media was performed. In brief, astrocyte cultures grown in 100 mm culture dishes were washed five times with PBS. Cells were then covered with a minimal volume of culture medium, and treated with stimulating agents at 37°C. Conditioned media were collected and centrifuged successively at 2000 ϫ g (5 min) and 15,600 ϫ g (10 min) to remove nonadherent cells and debris. Samples were then precipitated with trichloroacetic acid (TCA) and acetone mixture (10% TCA and 10 mM DTT in acetone) at Ϫ20°C overnight as previously described . Precipitated proteins were subjected to the SDS-PAGE and Western blot detection of LCN2.
Rho GTPase activity assay
Cells were treated with stimuli in a 100 mm culture dish, washed with cold PBS, and lysed in a lysis buffer [20 mM Tris-HCl, pH 7.6, 100 mM NaCl, 10 mM MgCl 2 , 1% Nonidet P-40, 10% glycerol, and protease inhibitor mixture (Roche Molecular Biochemicals)]. Lysates were clarified, protein concentrations were determined, and the GTP-bound Rho in the lysates was measured by the effector pulldown assay using the EZ-Detect Rho activation kit (Pierce). In brief, cell lysates were incubated with the agarose-immobilized glutathione S-transferase (GST)-Rhotekin, and the coprecipitates were subjected to anti-Rho Western blot analysis to assess the amount of GTP-bound Rho proteins. The anti-Rho antibody used in this study is known to recognize RhoA, RhoB, and RhoC.
Gateway cloning and stable transfection of lcn2 cDNA
Reverse transcription-PCR (RT-PCR) was performed by using total RNAs isolated from C6 rat glioma cells. Rat lcn2 cDNA sequences of either sense or antisense orientation were PCR amplified from the pooled cDNAs, using target sequence-specific primers by Gateway cloning (Invitrogen). The sequences of PCR primers used for Gateway cloning were as follows: sense lcn2 forward, 5Ј-GGGG ACA AGT TTG TAC AAA AAA GCA GGCT CCA CC ATG GGC CTG GGT GTC CTG TGT-3Ј; sense lcn2 reverse, 5Ј-GGGG ACC ACT TTG TAC AAG AAA GCT GGG TTG TT GTC AAT GCA TTG GTC GGT-3Ј; antisense lcn2 forward, 5Ј-GGGG ACA AGT TTG TAC AAA AAA GCA GGCT CCA CC ATG TCA GTT GTC AAT GCA TTG GTC-3Ј; antisense lcn2 reverse, 5Ј-GGGG ACC ACT TTG TAC AAG AAA GCT GGG TTG TT ATG GGC CTG GGT GTC CTG TGT-3Ј. The forward primers were used to introduce attB1 sequence (underlined), followed by a Kozak sequence (CCACC) and the gene-specific sequence (bold). Similarly, the reverse primers were used to introduce attB2 sequence (underlined), followed by the gene specific sequence (bold). The PCR products were cloned into the pDONR207 donor vector (Invitrogen), their sequences confirmed (Macrogen), and finally converted into the pDS-GFP-XB destination vector (Invitrogen). C6 cells in six-well plates were transfected with 4 g of green fluorescent protein (GFP)-tagged sense or antisense rat lcn2 cDNA by using lipofectAMINE reagent (Invitrogen). An empty pEGFP vector was used as a control for the stable expression of lcn2. Stable transfectants were selected in the presence of G418 (800 g/ml) at a period of 2 d after the transfection. Upregulation or downregulation of lcn2 mRNA or protein in the stable transfectants was confirmed by either RT-PCR or Western blot analysis, respectively.
Stable transfection of bim short hairpin RNA
The short hairpin RNA (shRNA) sequences specific for rat bim cDNA (GenBank accession number AF136927) were designed using BLOCK-iT RNAi Designer software (Invitrogen). The nucleotides 320 -340 of bim cDNA coding region (5Ј-GGG CGT TTG CAA ACG ATT ACC-3Ј) were targeted. The oligonucleotide with stem, loop, transcription termination sequences, and restriction sites was cloned into EcoRI and XbaI site of pU6shX vector (small hairpin RNA expression vector; VectorCoreA) to generate pU6shX-bim. C6 cells in six-well plates were cotransfected with a 1:10 ratio of pU6shX-bim and pSV2neo containing the neomycinresistance gene (Clontech) by using lipofectAMINE reagent (Invitrogen). An empty pU6shX vector was used as a control. Stable transfectants were selected in the presence of G418 (400 g/ml) at a period of 2 d after the transfection. Downregulation of bim mRNA or protein in the stable 
Virus and infection
Recombinant adenovirus expressing rat lcn2-GFP (Ad-lcn2-GFP) was generated by Newgex. Briefly, cDNA encoding rat lcn2-GFP was inserted into the pShuttle-cytomegalovirus vector (Clontech). The pShuttlecytomegalovirus with rat lcn2-GFP was linearized with PmeI and cotransformed into BJ5183 E. coli along with the pAdEasy-1 (Clontech) adenoviral vector. Transformed cells were overlaid on kanamycincontaining agarose plates, and individual colonies were checked for the presence of the proper recombinant. After sequence confirmation, recombinant adenoviral stocks were expanded by infection of HEK-293A cells, followed by extraction. Adenovirus was semipurified from hightiter supernatants of infected HEK-293A cells. Supernatants were clarified by means of centrifugation to eliminate cell debris and stored at Ϫ80°C. C6 cells were infected with adenovirus expressing GFP (Ad-GFP) or rat lcn2-GFP for 2 d, and then cells were observed by means of fluorescence microscopy. Several randomly chosen microscopic fields were examined. Ad-GFP was used as a control.
Purification of recombinant lipocalin 2 protein
Recombinant mouse LCN2 protein was prepared as previously described (Yang et al., 2002) . In brief, recombinant mouse LCN2 protein was expressed as a GST fusion protein in the BL21 strain of E. coli, which does not synthesize siderophore. The protein was purified by using glutathione-Sepharose 4B beads (GE Healthcare), followed by elution with either thrombin or glutathione. For iron and enterochelin loading, a fivefold molar excess of ion-saturated enterochelin (EMC Microcollections) was mixed with the purified recombinant LCN2 protein.
Phagocytosis assay
Primary astrocytes were seeded at 1 ϫ 10 6 cells/well in six-well plates. After removal of media, 20 g/ml fluorescent zymosan particle [zymosan A (Saccharomyces cerevisiae) BioParticles; Alexa Fluor 594 conjugate (Invitrogen)] was added to each well, allowed to settle by gravity, and left for 1-3 h. After unbound particles were thoroughly removed by three washes with ice-cold PBS, the medium was replaced. The samples were either observed by fluorescence microscopy (Olympus BX50) or analyzed by flow cytometry using a FACSAria (BD Biosciences).
Cell migration assays
Migration was measured by using a 48-well Boyden chamber (NeuroProbe). DMEM was placed into base wells separated from the top wells by polyvinylpyrrolidone-free polycarbonate filters (8 m pore size; 25 ϫ 80 mm; NeuroProbe). Cells were harvested by trypsinization, resuspended in DMEM, and added to the upper chamber at a ratio of 1 ϫ 10 4 cells/ well. Cells were incubated at 37°C under 5% CO 2 . At the end of the experiment, cells were fixed with methanol for 10 min and stained with modified Giemsa stain (Sigma-Aldrich) for 1 h. Cells on the upper side of the membrane were then removed by using a cotton swab. The migrated cells were counted under a light microscope (Olympus CK2) (magnifications, ϫ100). All migrated cells were counted, and the results were presented as mean Ϯ SD (total number of migrated cells) of triplicates. For the in vitro wound healing assay, a scratch wound was created by using a 10 l pipette tip on confluent cell monolayers in 24-well culture plates, and placed into DMEM containing 10% FBS, 100 U/ml penicillin, and 100 g/ml streptomycin. Cells were incubated at 37°C under 5% CO 2 during migration of monolayer into the cleared wound area. The wound area was observed by microscopy (Olympus CK2) (magnifications, ϫ100). Relative cell migration distance was determined by measuring the wound width and subtracting this from the initial value as previously described: cell migration distance ϭ initial wound width at day 0 Ϫ wound width at the day of measurement (Bassi et al., 2008) . A total of three areas were randomly selected and examined in each well. The results were presented as a fold increase in the migration distance: fold increase ϭ cell migration distance at the day of measurement/cell migration distance at day 1.
Zebrafish analysis
Fish breeding and maintenance. Embryos were collected from pair mating, raised at 28.5°C in egg water, and staged according to days postfertilization (dpf) as previously described (Park et al., 2005; Kucenas et al., 2008) . Wild-type AB and Tg(GFAP:egfp) fish expressing enhanced green fluorescent protein (EGFP) under the control of GFAP promoter (Bernardos and Raymond, 2006) were used for this study.
RNA injection. For mRNA injection experiments, a rat lcn2 cDNA containing a full-length open reading frame was subcloned into the pCSDest vector (Villefranc et al., 2007) , and mRNA was produced by the Message Machine kit (Ambion). Generation of the lcn2 message was confirmed by gel electrophoresis of transcription reaction (data not shown). One hundred picograms of lcn2 mRNA was injected into the yolks of one-to two-cell-stage embryos. Expression of LCN2 protein in the mRNA-injected embryos was confirmed by immunocytochemistry (data not shown).
Immunocytochemistry. Embryos were fixed in AB Fix (4% paraformaldehyde, 8% sucrose, 1ϫ PBS) overnight at 4°C, embedded in 1.5% agarose/30% sucrose, and frozen in 2-methyl butane chilled by immersion in liquid nitrogen. We collected 10 m of transverse sections by using a cryostat microtome. For immunocytochemistry purposes, we used the following primary antibodies: mouse antibody to Zrf-1 (1:400 dilution; University of Oregon Monoclonal Antibody Facility, Eugene, OR), rabbit polyclonal anti-LCN2/NGAL antibody (1:100 dilution; Santa Cruz Biotechnology). The relative length, thickness, and number of processes of zebrafish radial glia cells were quantified as follows: the five longest or thickest cellular processes for each section were measured. The total number of processes was also counted for each section. Seven zebrafish sections for each treatment were quantified. The results were normalized to the diameter of the spinal cord [(vertical diameter ϩ horizontal diameter)/2)] and presented as mean Ϯ SEM (n ϭ 7).
Statistical analysis
All data were presented as mean Ϯ SD from three or more independent experiments, unless stated otherwise. Statistical comparisons between different treatments were done by either a Student's t test or one-way ANOVA with Dunnett's multiple-comparison tests by using the GraphPad Prism program (GraphPad Software). Differences with a value of p Ͻ 0.05 were considered to be statistically significant.
Results
lcn2 increased the sensitivity of astrocytes to cytotoxic stimuli
We have previously shown that inflammatory activation of cultured microglia and astrocytes induces their own apoptosis (J. Suk et al., 2002) . Because of the fact that lcn2 is involved in the survival and death of a variety of cell types, we investigated how lcn2 participates in the cell death of activated astrocytes by means of a series of experiments: (1) stable overexpression or knockdown of lcn2 expression by transfection with sense or antisense lcn2 cDNA in C6 rat glioma cells; (2) adenovirus-mediated transient expression of lcn2 in C6 cells; and (3) treatment of primary astrocyte cultures or C6 cells with recombinant LCN2 protein. First, C6 cells with an increased or decreased expression of lcn2 were obtained by stable transfection with sense or antisense lcn2 cDNA. Changes in the lcn2 mRNA, as well as protein, expression in the stable transfectants (lcn2 sense transfectant, S3; lcn2 antisense transfectant, AS7) were confirmed by RT-PCR and Western blot analysis, respectively (Fig.  1 A) . The stable overexpression of lcn2 enhanced the sensitivity of C6 glia cells to a NO donor SNP, H 2 O 2 , and paraquat ( Fig. 1 B-D; supplemental Table 1 , available at www.jneurosci.org as supplemental material), which have been previously shown to induce astrocyte cell death Son et al., 2005; Kim et al., 2008) . A similar result was obtained with another NO donor, known as SNAP (data not shown). In contrast, a stable knockdown of lcn2 expression by transfection with the antisense lcn2 construct decreased the sensitivity of glia cells to the cytotoxic agents ( Fig. 1 B-D; supplemental Table 1 , available at www.jneurosci.org as supplemental material). Second, transient overexpression of lcn2 was achieved by using an adenoviral vector harboring lcn2 cDNA fused to GFP (Fig. 2 A, B) . The adenoviral expression of lcn2 also increased the sensitivity of C6 glia cells to H 2 O 2 , paraquat, SNP, and a combination of LPS and IFN-␥ (Fig. 2C) . Additionally, a recombinant mouse LCN2 protein was prepared and tested for potential cytotoxic effects (Fig.  3A) . The LCN2 protein sensitized primary astrocyte cultures to cell death, whereas LCN2 protein alone did not affect astrocyte viability (Fig. 3 B, C) . The cell deathenhancing effects of LCN2 protein were also assessed by PI and annexin V staining followed by flow cytometric analysis to determine the nature of cell death (Table 2; supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). Treatment with LCN2 protein increased the sensitivity of astrocytes to apoptosis (PI Ϫ /annexin V ϩ or PI ϩ /annexin V ϩ ) as well as necrosis (PI ϩ /annexin V Ϫ ). LCN2 sensitized astrocytes to NO-induced apoptotic cell death as well as H 2 O 2 -or paraquat-induced necrotic cell death. The cell death-enhancing effects of LCN2 protein were dose dependent, and statistically significant effects were observed from 10 ng/ml LCN2 (Fig. 3D) . LCN2, however, did not significantly influence the cell cycle distribution of either C6 glia cells or primary astrocyte cultures (Table 3) . LCN2 concentration used in the current study is based on the previous reports. LCN2 is an iron-carrying protein and it has to be given at much higher concentrations to exert iron-dependent activities compared with neurotransmitters or cytokines. We and others have shown that Inverse correlation between the level of lcn2 expression and the sensitivity of astrocytes to cytotoxic agents. C6 glial cells with an increased or decreased lcn2 expression were established by stable transfection of lcn2 sense (S3) or antisense (AS7) cDNA. The increased or decreased lcn2 expression in the stable transfectants compared with cells transfected with an empty vector (V2) was confirmed by RT-PCR (top) and Western blot analysis (bottom) (A). ␤-Actin or ␣-tubulin was also detected to confirm the equal loading of the samples. Compared with the empty vector transfectant (V2), the lcn2 sense (S3) or antisense (AS7) stable transfectants showed an increased or decreased sensitivity, respectively, to cytotoxic agents such as SNP, H 2 O 2 , and paraquat (B-D). Cells were treated with the indicated concentrations of cytotoxic agents for 24 h, and cell viability was assessed by MTT assay. The asterisks indicate statistically significant differences from the empty vector transfectant (V2) treated with the same concentrations of cytotoxic agents (V2 vs S3 or V2 vs AS7) ( p Ͻ 0.05). The results are mean Ϯ SD (n ϭ 3). The results in this and all similar experiments were repeated several times, and one representative done in triplicate is shown. Augmented cell death in the astrocytes that were infected with adenoviral vector expressing lcn2. C6 glial cells were infected with adenoviral vectors expressing GFP (Ad-GFP) or lcn2 fused with GFP (Ad-lcn2-GFP) for 2 d, and then observed under fluorescence microscope (A). Magnification, ϫ200. Overexpression of lcn2-GFP fusion protein was confirmed by Western blot analysis using rabbit polyclonal anti-LCN2/NGAL antibody in the virus-infected cells (B). Virus-infected cells were treated with cytotoxic agents such as H 2 O 2 (1 mM), paraquat (100 M), SNP (0.5 mM), or a combination of LPS (100 ng/ml) and IFN-␥ (50 U/ml) for 24 h, and then cell viability was assessed by MTT assay (C). The asterisks indicate statistically significant differences from the GFP-expressed cells (Ad-GFP) exposed to the same stimulus ( p Ͻ 0.05; Ad-GFP vs Ad-lcn2-GFP). Values represent mean Ϯ SD.
LCN2 protein concentrations in the blood of normal mice are ϳ100 ng/ml (or 4 nM) (Flo et al., 2004; Mori et al., 2005) . LCN2 is one of the most highly induced molecules in inflammatory disorders, whose concentrations reach 30 g/ml in the blood and 40 g/ml in the urine Schmidt-Ott et al., 2006) . Locally, even higher levels may be achieved in pathologic conditions. At 50 g/ml, LCN2 induced kidney epithelia differentiation (Yang et al., 2002) , epithelial transition of cancer cells (Hanai et al., 2005) , and apoptosis of pro-B-cells (Devireddy et al., 2005) in an iron-dependent manner (Mori and Nakao, 2007) . Purified GST protein (Fig. 3A ) was used as a control for the recombinant LCN2 protein. GST did not exert cytotoxicity or astroglial stimulation (data not shown). Although the effects of lcn2 were modest in some experiments, a similar result was obtained in the repeated experiments and showed a statistically significant difference.
Role of iron and Bim in the cell death-sensitizing effects of LCN2
Because it has been previously shown that a proapoptotic effect of lcn2 is associated with iron metabolism (Devireddy et al., 2005) , Figure 3 . Recombinant LCN2 protein sensitized astrocytes to cell death. GST-fused LCN2 protein was expressed in BL21 cells, which was then cleaved by thrombin to release the pure LCN2 protein (A). The GST protein eluted was run on the same gel for comparison. Treatment with recombinant lcn2 protein for 24 h enhanced the sensitivity of astrocytes to NO toxicity and oxidative stress (B, C). Primary astrocyte cultures were exposed to the indicated concentration of recombinant LCN2 proteins with SNP, paraquat (PQ), or H 2 O 2 for 24 h, and then cell viability was evaluated by MTT assay (B, C). The LCN2-induced sensitization of astrocytes to NO toxicity was dose dependent, as measured by MTT assay after 24 h (D). The results are mean Ϯ SD (n ϭ 3). The asterisks indicate statistically significant differences from the control treated with the same cytotoxic agent in the absence of LCN2 ( p Ͻ 0.05). After primary astrocytes were treated with SNP (0.5 mM), H 2 O 2 (1 mM), or paraquat (PQ) (100 M) with or without LCN2 proteins (10 g/ml) for 24 h, the nature of cell death was determined by PI and annexin V staining followed by flow cytometry. Percentage of necrotic or apoptotic cell death was based on flow cytometric analysis. the effect of either iron chelator deferoxamine (DFO) or iron donor ferric citrate (FC) on astrocyte viability was investigated. It has been previously reported that lcn2 containing the iron complex of the bacterial siderophore donates iron to cells via the lcn2 receptor (lcn2R/24p3R) (Devireddy et al., 2005) . Internalization of lcn2 and its receptor leads to the uptake of iron from the siderophore-iron complex. The donation of iron to the cell leads to a decrease in transferrin receptor (TfR1) expression and an increase in ferritin levels. In addition, the donation of iron to the cell prevents apoptosis by decreasing the expression of the proapoptotic protein BIM. In contrast, lcn2 without iron complex binds to lcn2R/24p3R and is internalized into the cell. A putative intracellular mammalian siderophore iron complex binds to lcn2, which is subsequently released from the cell by exocytosis. Depletion of iron from cells results in the upregulation of the proapoptotic molecule Bim, which leads to apoptosis (Devireddy et al., 2005) . Based on these previous observations and speculations, the role of iron and BIM protein in regard to the cell deathsensitizing effects of lcn2 was investigated in astrocytes (Fig. 4 ).
An iron chelator (DFO) alone proved to be modestly toxic to primary astrocytes and C6 glia cells, and increased NO donor (SNAP)-induced astrocyte cell death with an additive effect (Fig.  4 A, C) . Because SNP may release iron along with NO , SNAP was used as a NO donor for this experiment to exclude the effects of minute amounts of iron released by SNP. In contrast, an iron donor (FC) partially prevented the NO donorinduced cell death (Fig. 4 B, D) . Moreover, lcn2-induced cell death sensitization was abolished by the concurrent addition of the siderophore-iron complex (Fig. 4 E) . These results indicate that the cell death-sensitizing activity of lcn2 in astrocytes is related to the iron transport and metabolism: apo-lcn2 may promote cell death by depleting intracellular iron, whereas holo-lcn2 containing the siderophore-iron complex may not. Bcl-2 family proteins have been previously implicated in the effects of lcn2 on cell death and survival (Yousefi and Simon, 2002; Tong et al., 2003; Devireddy et al., 2005) . In particular, the upregulation of proapoptotic Bim expression was essential for the apoptosisinducing effects of lcn2 (Devireddy et al., 2005) . Thus, we deter- mined the levels of Bim mRNA and protein in the LCN2-treated C6 glia cells and primary astrocytes. Both mRNA and protein levels of Bim were markedly increased by LCN2 protein treatment in C6 glia cells (Fig. 4 F, G) , as well as in primary astrocyte cultures (Fig. 4 H) , supporting the role of Bim in the cytotoxic action of lcn2 in astrocytes. Although the effects of lcn2 were modest, a similar result was obtained in the repeated experiments. To confirm the role of Bim in the lcn2 action, Bim expression was knocked down using shRNA in C6 cells. Knockdown of Bim expression in the stable transfectants was confirmed by RT-PCR (Fig. 4 I) or Western blot analysis (Fig. 4 J) . Stable knockdown of Bim expression by the transfection with the Bim-specific shRNA construct abolished the cell death sensitization effects of lcn2 (Fig. 4 K) , indicating the important role of Bim in the lcn2 effects. In our previous report, proapoptotic effect of lcn2 on microglia was independent of Bim . In contrast to astrocytes, Bim expression was not induced by lcn2 in microglia. Although we have not done Bim knockdown experiment in microglia, there appears to be cell type-specific differences in the role of Bim in mediating the lcn2 effects.
Expression and regulation of lcn2, lcn2 receptor (lcn2R/24p3R) in astrocytes
Previously, lcn2 has been proposed as an acute-phase protein (Liu and Nilsen-Hamilton, 1995) , and the expression of lcn2 was modulated by inflammatory stimuli in macrophages (Meheus et al., 1993; Liu and Nilsen-Hamilton, 1995; Cowland et al., 2003) . Thus, we sought to determine how the expression of lcn2 is regulated by inflammatory or other stimuli in astrocytes. The expression of lcn2 was strongly enhanced by LPS and TNF-␣ (Fig.  5A ). Serum withdrawal, PMA, IFN-␥, and ganglioside mixtures induced a modest increase in lcn2 expression. The secretion of LCN2 was also enhanced by LPS, as determined by Western blot analysis of astrocyte culture media (Fig. 5B) . The results indicate that astrocyte expression and secretion of lcn2 may be increased under inflammatory conditions in the CNS as in regard to macrophages in the periphery. The expression of the lcn2 receptor (lcn2R/24p3R) that has been shown to mediate lcn2-induced cell death (Devireddy et al., 2005) was detected in primary astrocytes and C6 glia cells (Fig. 5C ). Expression of another putative lcn2 receptor, megalin, was also detected in primary astrocytes cultures, but not C6 cells (Fig. 5D) , suggesting that the common effects of lcn2 observed in both primary astrocytes and C6 cells might have been mediated by 24p3R.
LCN2-induced morphological change of astrocytes
In addition to the cell death-sensitizing effect, the LCN2 protein induced a morphological change of astrocytes in the absence of inflammatory stress or stimuli. When astrocytes were exposed to LCN2 protein, the number and length of cellular processes increased without affecting cell viability ( Fig. 6 B-D) . This was demonstrated by GFAP staining (Fig. 6 A) and phalloidin staining of actin cytoskeleton (data not shown). Because cAMP and cGMP are known to induce similar morphological changes (Borán and García, 2007; Hu et al., 2008) , forskolin and dbcGMP were both used for comparison purposes. The LCN2-induced morphological change was dose-and time-dependent (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). A significant change in cell morphology occurred after exposure to LCN2 at concentration of 100 ng/ml and period of 6 h. A similar pattern of structural changes in astrocytes also occurred after stimulation with LPS/IFN-␥ or ganglioside mixtures (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material), which have been shown to augment lcn2 expression in astrocytes (Fig. 5) and to induce glial activation (Jou et al., 2006; Yoon et al., 2008) . The LCN2-induced change in the cellular processes was accompanied by upregulation of GFAP mRNA and protein expression (Fig. 6 E, F ) , which was also LCN2 dose-and time-dependent (supplemental Fig. 4 , available at www. jneurosci.org as supplemental material). This type of morphological change in astrocytes is similar to what occurs in reactive astrocytosis in vivo (Boukhelifa et al., 2003; Lin and Cai, 2004; Wilhelmsson et al., 2006) . Hypertrophy of cellular processes and increased GFAP expression are two hallmarks of reactive astrocytes after all forms of neural injury in vivo (Wilhelmsson et al., 2004) , suggesting the possibility that LCN2 may mediate reactive astrocytosis in vivo. Vimentin expression was, however, not significantly affected by LCN2. We next examined whether the LCN2-induced change in astrocyte morphology is related to the cell death-sensitive phenotype. Forskolin and dbcGMP, which both induced a change in the astrocyte morphology similar to that induced by LCN2, also conferred the cell death-prone phenotype (Fig. 7C) . Whereas dbcGMP enhanced lcn2 expression, forskolin failed to do so (Fig. 7A) . Both forskolin and dbcGMP, however, did increase GFAP expression, albeit to different extents (Fig. 7B) . Although the effect of LCN2 or dbcGMP on GFAP expression was modest, it was reproducibly observed in multiple Figure 5 . Expression of lcn2 and lcn2 receptor (24p3R) in C6 glia cells and primary astrocytes. The expression of lcn2 was strongly increased by LPS (100 ng/ml) or TNF-␣ (100 ng/ml) in primary astrocytes after 24 h treatment as determined by Western blot analysis. Serum withdrawal for 8 h (SW), PMA (100 g/ml), IFN-␥ (50 U/ml), ganglioside mixture (Gmix) (50 g/ml), but not SNP (0.5 mM), treatment for 24 h slightly increased the protein level (A). Secreted LCN2 protein was also detected by Western blot analysis of culture media after similar treatment with LPS (100 ng/ml) for 24 h (B). Ponceau S staining or ␣-tubulin detection was conducted to confirm the equal loading of the samples. Normalized intensity of the bands is shown below (A, B) . RT-PCR analysis revealed that C6 glial cells and primary astrocyte cultures expressed lcn2 receptor (24p3R), which has been shown to mediate the apoptotic effect of lcn2 (C). Megalin expression was detected in primary astrocytes, but not C6 cells (D). The lcn2 receptor (24p3R) or megalin expression was not detected in the reaction without reverse transcriptase (ϪRT). ␤-Actin was used as an internal control.
experiments (data not shown). Our results indicate that dbcGMP and forskolin may induce morphological changes of astrocytes in an lcn2-dependent and -independent manner, respectively. Both forskolin and dbcGMP induced process extension and cell death sensitization. The major difference was that only dbcGMP, but not forskolin, induced lcn2 expression. Thus, cGMP may exert its effect through lcn2. In contrast, cAMP mediates its effect independently of lcn2. These results also suggest that morphological changes of astrocytes and their cell death-prone phenotypes are closely related, and that lcn2 carries out a dual function in the regulation of astrocyte cell death and morphology. In our previous report, LCN2 also modified microglial morphology . The cAMP and calcium appear to be involved in the deramification of microglia. In astrocytes, however, cAMP and cGMP led to process extension. Although we have not investigated the lcn2 dependency for all of these downstream events, the same pathway (e.g., cAMP) seems to work differently in the two cell types with different outcomes. In addition, although microglia and astrocytes share some of the characteristics such as secretion of inflammatory mediators, they show distinct morphological phenotypes when activated. Whereas microglia become deramified on activation, astrocytes show extended processes when they are activated. It appears that LCN2 protein is involved in both events, deramification of microglia and process extension of astrocytes. LCN2 secreted by activated microglia or astrocytes may mediate these distinct morphological changes and yet similar functional phenotypes.
Role of NO in the LCN2 effects
Recently, NO has been shown to augment GFAP expression in astrocytes (Brahmachari et al., 2006) . Because LCN2 also induced GFAP expression in astrocytes in our study (Fig. 6) , we next attempted to determine whether NO is involved in the LCN2 actions in astrocytes. First, NO-induced GFAP expression was confirmed at mRNA and protein levels by using a NO donor SNP (Fig. 8 A, B) . The expression of vimentin used for comparison purposes was not affected. Second, the effect of LCN2 on astrocyte NO production was examined. LCN2 induced a significant increase of NO production in astrocytes (Fig. 8C) . The level of LCN2-induced NO production was comparable with that of LPS, and was not abolished by polymyxin B treatment, ruling out the possibility of LPS contamination in the recombinant LCN2 preparation process (Fig. 8 D, E) . Recombinant GST protein, which was prepared in the same manner as LCN2, was also used as a Figure 6 . The effect of recombinant LCN2 protein on the morphology and GFAP expression of astrocytes. Addition of recombinant LCN2 protein (10 g/ml) induced morphological changes in primary astrocyte cultures after 24 h (A), reminiscent of those in reactive astrocytosis in vivo. Treatment with forskolin (100 nM) or dbcGMP (1 mM) for 24 h also induced a similar morphological change. Cells were double-stained for GFAP (green) and Hoechst 33342 (nuclei; blue) (magnification, ϫ400) (A). Results are one representative of more than three independent experiments. The length (B) or number (C) of astrocyte processes was measured by examining several randomly chosen fields under fluorescence microscope (B, C). No significant cytotoxicity of the stimuli used was confirmed by MTT assay (D). Error bars indicate SD. After primary astrocytes were treated with recombinant LCN2 protein (10 g/ml) for 24 h, GFAP or vimentin mRNA levels were determined by RT-PCR (E), or GFAP protein levels were assessed by Western blot analysis (F ). Ponceau S staining or ␤-actin detection was done to confirm the equal loading of the samples. *p Ͻ 0.05 compared with untreated control.
control to further exclude the possibility of LPS contamination (Fig. 8 D) . LPS/IFN-␥-induced NO production was completely inhibited by polymyxin B treatment (Fig. 8 E) . Third, the LCN2-induced GFAP expression was blocked by a nitric oxide synthase (NOS) inhibitor NMMA (Fig. 8 F, G) . Fourth, the LCN2-induced increase in cell death sensitivity was attenuated by NMMA (Fig.  8 H) . SNP treatment alone also induced the typical morphological change that has been observed in LCN2-treated astrocytes (supplemental Fig. 5 , available at www.jneurosci.org as supplemental material). In conjunction, these results suggest that NO production and LCN2 overexpression may form an amplification cycle at the upstream of astrocyte cell death, GFAP expression, and morphological changes.
Role of Rho/ROCK pathway in the LCN2-induced morphological changes of astrocytes
Because the Rho subfamily of small G-proteins has been previously implicated in the regulation of astrocyte morphology (Suidan et al., 1997; Ramakers and Moolenaar, 1998; John et al., 2004; Hall, 2005; Höltje et al., 2005; Chen et al., 2006; Borán and García, 2007) , a possible involvement of Rho protein in the LCN2-induced morphological change of astrocytes was investigated. Rho/ROCK pathway appeared to play a pivotal role in regard to LCN2 actions on astrocyte morphology, based on the following results: (1) a ROCK inhibitor, Y27632, partly blocked LCN2-induced morphological changes (Fig. 9 A, B) ; (2) Y27632 also inhibited the LCN2-induced GFAP expression (Fig. 9C,D) ; and (3) LCN2 induced Rho activation in astrocytes (Fig. 9E) . Y27632 did not affect cell viability at the concentration used in the current study (data not shown). The LCN2-induced Rho activation was initiated at 1 h after LCN2 stimulation and sustained for 24 h (Fig. 9E) . In contrast, Rac1 inhibition by the pharmacological inhibitor did not influence the LCN2 effects on astrocyte morphology (supplemental Fig. 6 , available at www.jneurosci. org as supplemental material), indicating the specific role of Rho proteins in the LCN2-induced structural changes of astrocytes. The Rho/ROCK pathway, however, did not appear to be involved in the cell death-sensitizing effects of LCN2, because ROCK inhibition by Y27632 did not significantly influence the viability of LCN2-treated astrocytes (data not shown). Because cell migration is a cellular phenotype that is closely associated with cell morphology, we next examined the effect of LCN2 on the astrocyte migration. As expected, LCN2 enhanced the capability of astrocytes to migrate on the basis of both in vitro wound healing assay (Fig. 10A,C) and Boyden chamber assay (Fig. 10B,D) . LCN2 accelerated wound closures (Fig. 10A,C) as well as migration across the membrane (Fig.  10B,D) (supplemental Fig. 7 , available at www.jneurosci.org as supplemental material). As shown in Figure 10A , the scratch wound was almost completely closed at day 4 in LCN2-or dbcGMP-treated astrocytes (for the microscopic data on other experimental days, see supplemental Fig. 7 , available at www.jneurosci.org as supplemental material). The phagocytic activity of astrocytes was, however, not affected by LCN2 (supplemental Fig. 8 , available at www. jneurosci.org as supplemental material).
Expression and functional analysis of lcn2 in zebrafish model
A zebrafish model was used to evaluate the expression of lcn2 and its functional role in reactive astrocytosis in vivo. We first examined lcn2 expression in zebrafish CNS. The labeling of zebrafish embryos with anti-LCN2 polyclonal antibody produced no signals at 2 dpf (data not shown), but LCN2 ϩ cells were evident in the forebrain and spinal cords at 3 dpf (Fig. 11 A, B) . In the forebrain section, LCN2 antibody labeled microglia-like cells, which have morphology of microglia (Fig. 11 A, arrows) . This is consistent with a previous observation that all macrophages undergo specific phenotypic transformation into early microglia in the brain of 3 dpf zebrafish embryos (Herbomel et al., 2001) . Interestingly, in the spinal cords of 3 or 5 dpf zebrafish embryos, LCN2 antibody labeled cells having radial glial characteristics, long radial processes from the central canal to the pial surface of spinal cords (Fig. 11 B, C) . To further investigate cell types marked by LCN2 antibody, we labeled spinal cord sections with the anti-GFAP antibody, which is the marker for radial glia (Inagaki et al., 1994) , together with the LCN2 antibody. All LCN2 ϩ processes expressed GFAP, indicating that all LCN2 ϩ cells are actually radial glial cells in the spinal cord of zebrafish embryos (Fig.  11C,D) . To investigate the role of lcn2 in radial glia development and morphology, we injected synthetic mRNA encoding rat LCN2 protein at the one-cell stage of Tg( gfap-egfp) embryos and labeled them with anti-Zrf-1 antibody, a marker for radial glial processes. Control zebrafish embryo did not receive any RNA injection as described in previous reports (Park et al., 2005; Maegawa et al., 2006; Hart et al., 2007) . Because Tg( gfap-egfp) embryos express EGFP in radial glia under the control of a gfap promoter (Bernardos and Raymond, 2006) , and anti-Zrf-1 antibody labels radial glial processes (Trevarrow et al., 1990) , EGFP ϩ cell bodies (green) and Zrf-1 ϩ processes of radial glia (red) can be observed simultaneously (Fig. 11 E, G) . Consistent with in vitro findings ( Fig. 6 ; supplemental Figs. 2-4, available at www. jneurosci.org as supplemental material), the number and thickness of Zrf-1 ϩ radial glia processes increased in most embryos injected with lcn2 mRNA, whereas the process length was not affected (Fig. 11 F, H ) . Relative thickness, length, and number of cellular processes were quantified as described in Materials and Methods (Table 4 ). The process length may not be an appropriate Figure 7 . Role of cAMP and cGMP in the expression of LCN2/GFAP and cell death of astrocytes. After primary astrocytes were treated with forskolin (100 nM) or dbcGMP (1 mM) for 24 h, LCN2 or GFAP protein was detected by Western blot analysis (A, B) . Normalized intensity of the bands is shown below (A, B) . Primary astrocytes were exposed to LCN2 protein (10 g/ml) or other stimuli (forskolin, 100 nM; dbcGMP, 1 mM) in the presence of SNP (0.5 or 1 mM) for 24 h, and then cell viability was assessed by MTT assay (C). Error bars indicate SD. *p Ͻ 0.05 compared with the same concentration of SNP treatment alone.
measure of phenotypic change of radial glia, because most glial processes extend from the central canal to the pial surface of spinal cords.
Discussion
In the current study, we have demonstrated that the astrocyte secretory protein LCN2 plays a dual role in determining the morphological and functional fate of activated astrocytes (Fig. 12) . LCN2 sensitized activated astrocytes in regard to cell death and also induced a typical morphological change that is commonly observed in reactive astrocytosis in vivo. The bifunctional role of LCN2 was supported by the following evidence: (1) a forced increase or decrease in lcn2 expression regulated cell death sensitivity of astrocytes positively or negatively, respectively; (2) recombinant LCN2 protein mimicked the effect of lcn2 cDNA transfection or adenoviral expression; (3) lcn2 expression and secretion was induced by inflammatory stimuli in astrocytes; (4) LCN2 protein induced GFAP expression and morphological changes of astrocytes; and (5) lcn2 RNA injection induced morphological changes of radial glia cells in zebrafish models, consistent with in vitro findings. Based on these results, it is hypothesized that activated astrocytes may secrete LCN2 proteins under inflammatory conditions, which act in an autocrine manner to induce a morphological change of astrocytes and to sensitize activated astrocytes to cell death signals as a self-regulatory mechanism. At the inflammatory sites in the CNS, the number of astrocytes may increase by proliferation or inward migration with a concurrent change in the cell morphology, which constitutes a typical phenotypic modulation associated with reactive astrocytosis. Astrocyte-derived LCN2 appears to be one of the major mediators determining the reactive astrocytosis phenotype. In addition, the secretion of LCN2 may be part of the autoregulatory mechanism, by which activated astrocytes in the inflammatory sites could be eliminated. Microglia may also participate in this process by secreting LCN2 proteins . These findings are in agreement with previous reports, which proposed the role of secreted LCN2/24p3 in the termination of the immune response in the peripheral system (Devireddy et al., 2001) as well as in the CNS . Moreover, it has been previously reported that the production of erythroid and monocyte/macrophage lineage cells is also under the control of LCN2 in a similar manner to our findings (Miharada et al., 2005 (Miharada et al., , 2008 . LCN2 acted as an autocrine factor that suppressed the growth of erythroid and monocyte/macrophage lineage cells by inducing apoptosis and inhibiting differentiation.
In response to all forms of CNS insults, astrocytes become reactive and undergo the process termed reactive astrocytosis (Sofroniew, 2005) . In this process, astrocytes proceed through proliferation and morphological changes, and experience the up- Figure 8 . Involvement of NO in the LCN2 effects in astrocytes. After primary astrocytes were treated with SNP (0.5 mM) for 24 h, GFAP/vimentin mRNA or GFAP protein was detected by RT-PCR (A) or Western blot analysis (B), respectively. The expression of GFAP was significantly increased by SNP (0.5 mM) in primary astrocytes. Primary astrocytes were stimulated with recombinant LCN2 protein (10 g/ml), LPS (100 ng/ml), IFN-␥ (50 U/ml), or a combination of LPS (100 ng/ml) and IFN-␥ (50 U/ml) for 24 h, and then nitrite production was assessed by Griess reagent (C). *p Ͻ 0.05 compared with no treatment. Primary astrocytes were also pretreated with polymyxin B (PB) (10 g/ml) for 30 min before the treatment with LCN2 protein (10 g/ml), GST protein (10 g/ml) (D), or a combination of LPS (100 ng/ml) and IFN-␥ (50 U/ml) (E) for 24 h, and then nitrite production was assessed by Griess reagent (D, E). *p Ͻ 0.05 compared with untreated control (C, D) or as indicated (E). Alternatively, primary astrocytes were treated with LCN2 protein (10 g/ml) for 24 h or pretreated with NMMA (500 M) for 30 min before the treatment with recombinant LCN2 protein (10 g/ml) for 24 h. The expression of GFAP or vimentin was then detected by RT-PCR (F ) or Western blot analysis (G) as indicated. After a similar treatment of primary astrocytes with LCN2 and NMMA in the presence of various cytotoxic agents [H 2 O 2 (1 mM), paraquat (PQ) (100 M), SNP (0.5 mM), and LPS (100 ng/ml) plus IFN-␥ (50 U/ml) for 24 h], cell viability was assessed by MTT assay (H ). NMMA (500 M) alone did not exert any cytotoxicity (data not shown). Error bars indicate SD. The single asterisks indicate statistically significant differences between treatments with cytotoxic agents in the absence and presence of LCN2 (*p Ͻ 0.05; None vs LCN2; comparison 1). The double asterisks indicate statistically significant differences between treatments with cytotoxic agents in the presence of LCN2 and NMMA plus LCN2 (**p Ͻ 0.05; LCN2 vs NMMA plus LCN2; comparison 2).
regulation of intermediate filaments such as GFAP. Although reactive astrocytosis has been commonly observed under various pathological conditions, the molecular mechanisms underlying the reactive astrocytic phenotype are not well understood. Our current study suggests that LCN2 protein secreted from astrocytes themselves may mediate this phenotypic change. The involvement of lcn2 in the phenotypic change of cell morphology has been previously reported. lcn2 was an endogenous epithelial inducer (Yang et al., 2002) and stimulated the epithelial phenotype of transformed cells (Hanai et al., 2005; . lcn2 also promoted tubulogenesis by regulating epithelial morphogenesis (Gwira et al., 2005) . Although the role of lcn2 as an epithelial inducer as related to the effects of lcn2 on the astrocyte morphology found in the present study is not currently understood, it is evident that lcn2 has an important role in determining cellular morphology. A central role of LCN2 protein secreted under inflammatory conditions in the control of astrocyte morphology was supported by LCN2 neutralization experiments. When LCN2 was neutralized by adding anti-LCN2 antibody into astrocyte cultures exposed to strong inflammatory stimuli such as LPS and IFN-␥, the induction of morphological changes was partially abrogated (S. Lee and K. Suk, unFigure 9 . Role of Rho/ROCK pathway in the LCN2-induced morphological changes of astrocytes. Primary astrocytes were pretreated with Y27632 (ROCK inhibitor; 100 M) in the absence or presence of recombinant LCN2 protein (10 g/ml) for 24 h. Cells were double-stained for GFAP (green) and Hoechst 33342 (cell nuclei; blue) (magnification, ϫ400) (A). Measurement of the length of the longest astrocyte processes for each treatment was done (B). Error bars indicate SD. *p Ͻ 0.05 compared with LCN2 treatment alone. GFAP mRNA (C) or protein levels (D) were also evaluated by RT-PCR or Western blot analysis, respectively, after stimulation with LCN2 in the absence or presence of Rho kinase inhibitor Y27632 (100 M) for 24 h. ␤-Actin or ␣-tubulin was detected to confirm the equal loading of the samples. Results of densitometric analysis are shown below (C, D). After primary astrocytes were treated with LCN2 protein (100 ng/ml or 10 g/ml) for the indicated time periods or 24 h, the activation state of Rho was assessed by a pulldown assay (E). The results are representative of three or more independent experiments. Figure 10 . Stimulation of astrocyte migration by LCN2. Primary astrocytes were treated with recombinant LCN2 protein (10 g/ml) for the indicated time periods, and then either wound healing assay (A) or Boyden chamber assay (B) was performed to evaluate cell migration (magnification, ϫ100). Quantification of astrocyte migration was conducted after wound healing assay (C) or Boyden chamber assay (D). Error bars indicate SD. *p Ͻ 0.05 compared with untreated control at the same day. published data). Understanding the mechanisms involved in controlling astrocyte morphology is fundamental in the CNS research, because astrocytes interact with neurons and other cells in contact through their processes that are most probably influenced by the cell shape. Therefore, additional studies are necessary to gain a better understanding as to how lcn2 participates in the control of astrocyte morphology and interaction with neurons and other glia cell types in the CNS.
The Rho family of small G-proteins has been frequently involved in structural changes of astrocytes (Suidan et al., 1997; Ramakers and Moolenaar, 1998; Avalos et al., 2004; John et al., 2004; Höltje et al., 2005; Chen et al., 2006; Osmani et al., 2006; Borán and García, 2007) and other cell types (Takai et al., 2001; Etienne-Manneville and Hall, 2002; Heo and Meyer, 2003; Hall, 2005) . Previously, it was demonstrated that RhoA negatively regulated astrocyte stellation (Suidan et al., 1997; Abe and Misawa, 2003; Chen et al., 2006; Burgos et al., 2007) , migration (Höltje et al., 2005) , and the IL-1␤-induced reactive astroglial phenotype (John et al., 2004) . RhoA activation was, however, required for Thy-1-induced morphological changes in astrocytes that resembled those in brain injuries (Avalos et al., 2004) . lcn2, in the current study, stimulated the growth of astrocyte processes and locomotive activity by activating Rho and ROCK pathway. Although discrepancies regarding the role of Rho/ROCK pathway in the astrocyte morphology cannot be fully explained, it is speculated that lcn2 may use additional signaling pathways in parallel with or downstream of Rho/ROCK pathway to induce morphological changes. Opposing roles of Rho proteins in the motility of astrocytes have been reported. In most studies, Rho activation has been associated with an increased migratory activity of astrocytes (John et al., 2004) and other cell types (Raftopoulou and Hall, 2004; Hall, 2005) , which is consistent with our results. Moreover, Erschbamer et al. (2005) reported that GFAPimmunoreactive reactive astrocytes showed a marked increase of RhoA expression after spinal cord injuries, supporting the promigratory activity of Rho in reactive astrocytes. In contrast, the inhibition of Rho activities promoted astrocyte migration in a few reports (Höltje et al., 2005; Borán and García, 2007) , in which the role of Rho in astrocytes may contrast with Rho-dependent mechanisms in other cell types. The Rho protein is a central regulator of cell morphology, contractility, and migration. Rho controls cell motility through the formation of stress fiber and focal adhesion. Cell motility is generally described as a cyclical process divided into alternating phases of protrusion and contraction (Pellegrin and Mellor, 2007) . Based on the contractile nature of stress fibers, they are thought to provide a contractile force for cell migration (Kreis and Birchmeier, 1980) . However, stress fibers inhibited cell migration in other studies, arguing against the role of Rho and stress fibers in cell motility (Couchman and Rees, 1979; Pellegrin and Mellor, 2007) . Moreover, the coordinated regulation of the Rho protein family including Rho, Rac, and Cdc42, rather than a single Rho protein, is believed to be important in the control of cell behavior. Thus, the role of Rho proteins in the regulation of cell behavior (such as morphology, migration, etc.) appears to depend on triggering signals, cellular con- The relative thickness, length, and number of processes of zebrafish radial glia cells were quantified as follows: the five longest or thickest cellular processes for each section were measured. The total number of processes was also counted for each section. Seven zebrafish sections for each treatment were quantified. The results were normalized to the diameter of the spinal cord [(vertical diameter ϩ horizontal diameter)/2)] and presneted as mean Ϯ SEM (n ϭ 7). *p Ͻ 0.01, **p Ͻ 0.001, compared with control group. texts, and microenvironments under which cells are poised. In renal and cardiovascular systems, the RhoA/ROCK signal is related to inflammation, proliferation, migration, oxidative stress, matrix production, and tissue injury, which are in good agreement with our results. However, NO-cGMP signal is counterregulatory against RhoA/ROCK and antiinflammatory and organ protective (Oka et al., 2008) , which is the opposite of the current findings in glia. These differences might be related to NOS isozymes expressed in different organs. Y27632 has been previously shown to have significant effects on morphology in rat astrocytes when used alone at lower concentrations than that used here (Honjo et al., 2001 ). However, no significant changes in morphology were observed after Y27632 treatment of mouse astrocytes in the current study. The discrepancy may be attributable to species difference. The results reported here were obtained by using cultured astrocytes and zebrafish models. The functional significance of lcn2 in regard to astrocyte cell death and morphological change in vivo needs to be further examined in the mammalian system. Although lcn2 expression has been detected in a wide variety of tissues, its expression and role in the CNS has been addressed by few studies so far. Recently, genome-wide expression profiling has shown that LCN2 is upregulated in mouse brain tissues after focal cerebral ischemia (Trendelenburg et al., 2002; MacManus et al., 2004) . The expression of lcn2 was also detected in the choroid plexus of mice (Marques et al., 2008) . Additional investigations are necessary as to whether astrocytes are the major cellular sources of lcn2 in mammalian brains in vivo. Nevertheless, in the current study, lcn2 expression was detected in radial glia cells of spinal cord and microglia-like cells in the brains of developing zebrafish. Radial glial cells, which later transform into astrocytes, were the major cell types expressing lcn2 (see below).
Zebrafish became an important model organism for biomedical research over the last few decades. Zebrafish traditionally used for the analysis of basic developmental processes is now widely used as alternative animal models for human disease and drug discovery purposes (Kari et al., 2007; Lieschke and Currie, 2007) . Expression patterns and functional analysis of lcn2 in zebrafish revealed that lcn2 is strongly and uniquely expressed in radial glia cells, and induces morphological changes of glia in vivo similar to those observed in cultured glia cells. Radial glial cells are believed to play a pivotal role in the developing CNS; they are involved in key developmental processes, ranging from patterning and neuronal migration to neurogenesis. Radial glial cells have long radial processes extending from the ventricular zone to the pial surface, and possess glial properties such as the content of glycogen granules or the expression of astrocyte-specific glutamate transporters and GFAP. After neurogenesis and migration processes are completed, most radial glia cells transform into astrocytes (Barry and McDermott, 2005; Stipursky and Gomes, 2007) . Thus, the expression of lcn2 in zebrafish radial glia cells and the effect of exogenous lcn2 expression on the radial glia processes (Fig. 11 ) strongly support the crucial role of lcn2 in reactive astrocytosis in vivo. Previously, megalin expression in zebrafish was restricted to pronephros region (Anzenberger et al., 2006) , arguing against that LCN2 protein may have been trapped by megalin-expressing cells.
In conclusion, we present evidence that the secretory protein LCN2 is involved in the morphological transformation and cell death of reactive astrocytes (Fig. 12) . The morphological change of astrocytes and their vulnerability to cell death appear to be closely related phenotypes. Activated astrocytes in vivo may secrete LCN2 proteins not only to induce morphological transformation associated with reactive astrocytosis but also to promote cell death. This can be a self-regulatory mechanism by which activated astrocytes are sensitized to cell death signals in the CNS inflammation: on inflammatory stimulation astrocyte population expanded either by recruitment or proliferation may need to be under feedback control. The morphological transformation of astrocytes may facilitate the self-regulatory mechanism. However, the exact molecular mechanisms underlying the bifunctional role of lcn2 remain to be elucidated in future studies. Moreover, it is not clear at present what aspects are shared and what are distinct between the lcn2-initiated cell death cascade and morphological cascade. Nevertheless, our data suggest that lcn2 can be used as a drug target for the therapeutic manipulation of reactive astrocytosis and deleterious events that are associated with it. Reactive astrocytes under inflammatory condition secrete lcn2, which may feed back on astrocytes to induce morphological as well as functional changes. lcn2 induces morphological changes of reactive astrocytes and promotes their migration through the Rho-ROCK pathway. lcn2 also renders astrocytes more sensitive to cell death signals by regulating iron metabolism and Bim pathway, which may provide a basis for the self-regulatory elimination of reactive astrocytes in vivo. NO and cGMP appear to form a positive feedback loop that amplifies the lcn2-Rho-ROCK-GFAP pathway. The morphological changes of astrocytes appear to be closely related with the phenotypic changes into cell death-prone astrocytes.
